We have investigated the carrier transport properties of multiwall carbon nanotubes (MWNTs) by scanning probe microscopy. Kelvin force microscopy revealed that the potential profile was almost flat along the axis of an MWNT with a current flow of $10 mA. Furthermore, current-mode imaging with an applied voltage of 10 mV along an MWNT protruding from an electrode the current to be almost constant at $20 nA despite variations in the distance from the electrode to the probe. We also found small corrugations with a period of $25 nm on the current profile, which originate from the standing wave of the carrier in the MWNT protruding from the electrode. These results strongly suggest that the carrier transport in the MWNT is ballistic even at room temperature.
Introduction
Carbon nanotubes (CNTs) have been studied for their application to diodes and transistors to further miniaturelize these electronic devices, because CNTs have unique electronic properties as well as self-assembled small structures. In order to maximize their miniaturization, we need a wiring technique for CNT devices using CNTs. In particular, arcproduced multiwalled nanotubes (MWNTs), which have a concentric shell structure made of a graphite sheet, show extremely high strength 1, 2) and a ballistic transport behavior 3) because of their more highly crystallized structure compared with that of MWNTs produced by chemical vapor deposition (CVD). Recently, it was found that the charge carrier transport on the MWNT along the tube axis is governed by a one-dimensional localized system, within a characteristic length of $1 mm. 4, 5) However, the transport mechanism of the MWNTs is still complex.
In this study, we have investigated this subject by observing the distribution of the potential with a current flow, using a Kelvin force microscope (KFM), and the length dependence of the current using a contact-mode atomic force microscope (AFM).
Sample Preparation
Carbon nanotubes, which were synthesized by DC arc discharge with a water-cooled coil, 6) were bridged between electrodes on a substrate by an AC electrophoresis method.
7)
The procedure of sample preparation is as follows. 1) The MWNTs are ultrasonically dispersed into isopropyl alcohol (IPA) with a concentration of 0.1 mg/ml. 2) Ti/Au coplanar electrodes with a gap of 4 mm are fabricated on a 500-nmthick SiO 2 /Si substrate by a photolithographic technique. The film thicknesses of Ti and Au are 2 nm and 23 nm, respectively.
3) The MWNT-dispered IPA is dropped onto the electrodes. 4) An AC electric field with a peak-to-peak voltage of 2 V and a frequency of 2 MHz is applied to the electrodes. This induces the electrophoresis of the MWNTs to the electrode. Figure 1 shows the SEM image after the electrophoresis. A few CNT channels are connected to the electrodes. We can remove the MWNTs so as to leave an appropriate channel for the measurement, by atomic-forcemicroscope manipulation.
Potential Profile for Individual MWNTs
The spatial distribution of the potential on a CNT channel with the current flow was measured by KFM under the a vacuum of 8:0 Â 10 À5 Pa at room temperature. A commercially available Pt-coated Si probe with a spring constant of 1.5 N/m was used for the KFM. Figure 2 shows the currentvoltage characteristic of the CNT channel consisting of two MWNTs. The KFM measurement was performed under the current of 12.7 mA at the bias voltage of 1 V. This condition is pointed by an arrow. Figure 3 shows a topographic and a potential image of the middle part of the CNT channel. It is clear from the image that the channel is a connection of two MWNTs. The potential abruptly changes at the connection. The potential on the right part of the channel is 60 mV higher than that on the left. The resistance at the connection is estimated to be 4.7 k. This might be caused by the reflection of the charged carriers at the connection. It has also been confirmed that the contacts at both electrodes exhibit potential drops of 320 and 620 mV.
The potential profile along the two MWNTs within a length of more than 1 mm on the channel is flat within the 5µ µm resolution of our KFM system. Although the resolution of less than 20 mV (corresponding to 1.6 k is not small, it is reasonable to consider that ballistic transport takes place in the MWNTs. This differs from MWNTs 8, 9) prepared by CVD and which had a resistance of 10 k/mm, where diffusive transport was the dominant mechanism. This discrepancy is caused by the difference in the crystallinity. Our MWNTs prepared by arc discharge have higher crystallinity than those prepared by CVD.
Axial Distribution of Current on MWNT
A MWNT protruding from the electrode was observed using a contact-mode AFM with a force of 1.5 nN, as shown in Fig. 4 . The probe used was a MWNT probe prepared in the same manner as described elsewhere. 10) For mapping the current flow, a voltage of 10 mV was applied between the probe and the electrode in a vacuum of 8:0 Â 10 À5 Pa at room temperature. Thus the current flows from the probe to the electrode through the MWNT. This is different from the case of a conventional current-mapping mode. Figure 6 shows the TEM image of the MWNT probe. The probe has a tip radius of 3.14 nm. When the tip radius r of the probe is close to the radius R of the sample, the expected FWHM of the image is given by ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ðR þ rÞ 2 À ðR À rÞ 2 p . Using the experimentally determined parameters of r ¼ 3:14 nm and R ¼ 5:8 nm, we obtain an FWHM of 17 nm, which is very close to the value shown in Fig. 5(b) . Consequently, the end cap of the MWNT probe with a conic shape effectively works as a probe without any deformation. Furthermore, the MWNT probe shows no degradation after the measurement. Figure 7 shows the current profile image corresponding to the topographic image shown in Fig. 5(a) . The average value of the current at the right side of the MWNT is higher than that at the left. This is because of the asymmetry in the shape of the tip, as shape shown in Fig. 6 , and in the scanning direction of the probe, as shown in Fig. 4(b) . The contact of the probe with the right side of the MWNT is better than that with the left. Note that the current profile image was obtained with high reproducibility. On the other hand, no reproducible imaging was achieved when a commercially available Au-coated Si probe was employed. As demonstrated, the MWNT probe is very useful for probing nanoscale electronic properties. Figure 8 shows the variation of the current along the MWNT in the range indicated in Fig. 7 . The current along the MWNT axis is almost constant at a value of $15 nA. The resistance is calculated from the applied voltage and the measured current to be $600 k. We have confirmed that the MWNT tip has a resistance of 7 k at the contact between the MWNT and Pt-coated Si tip. The result in the previous section strongly suggests that the contact resistance between the MWNT and the electrodes is less than 100 k. Therefore, a large part of the resistance is caused by the contact between the tip of the MWNT probe and the MWNT sample. This implies that the injection of charge carriers from the probe to the sample is mainly due to a tunneling effect.
As shown in Fig. 8 , small corrugations with a period of $25 nm can be found on the current profile. They originate from the standing wave of the charge carriers in the MWNT. The current is as low as $15 nA at a bias voltage of 10 mV, so that the most of the charge carriers are transported through the outermost layer of the MWNT. Therefore, the electron waves reflect at the metal electrode but not at the probe, because the resistance between the probe and sample is sufficiently high, as mentioned above. When a point on the probe exhibits a potential which causes the electron waves to reflect, this point is considered a node, which corresponds to the absence of corrugations. Since this is not the case in our study, These considerations lead us to the conclusion that the MWNT protruding from the metal electrode functions as a one-dimensional resonator of electron waves. The wavelength of 50 nm is determined by the length of the resonator, the energy of the charge carrier (i.e., the Fermi energy), and the chirality of the outermost layer of the MWNT, because of the low bias of 10 mV that was applied.
A similar phenomenon has already been reported as a result of two-dimensional imaging of electronic wave functions in SWNT using a low-temperature STM. 11) In the report, a long-period corrugation originates from two individual wave functions that are composed of Bloch waves parallel to the axis of the SWNT and varies linearly with energy difference. Detailed understanding of our results is a subject for further study. It is noted, however, that we have never observed these corrugations while employing a conventional Au-coated probe with a larger tip radius of $20 nm despite the high contact resistance. This is because of the low resolution of this probe in comparison with that used in this study.
Conclusion
We have investigated the transport mechanism of the MWNTs by the SPM technique. The KFM measurements for two connected MWNTs with a current flow showed that the potential profiles along the tube axis were almost flat for each side of the MWNT. The contact-mode AFM measurement also indicated that the current was almost constant at SELECTED TOPICS in APPLIED PHYSICS I 6.28 nm $20 nA when the probe was scanned along the axis of the MWNT over a length of 1 mm. These results indicate that the two-terminal resistance of the MWNT has no length dependence. Furthermore, small corrugations with an amplitude of 2 nA and a period of $25 nm can be found on the current profile. These corrugations originate from the standing wave of the charge carrier on the outermost layer of the MWNT protruding from the metal electrode. We can observe this phenomenon only when the nanotube probe is used. These results strongly suggest that the carrier transport mechanism of the MWNT is ballistic even at room temperature.
